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The pervasive nature of human aggression has made it the focus of nearly a century of intensive research, prompting a range of theories variously emphasizing its cognitive, behavioral, social, ethological, and neurophysiological underpinnings (e.g., Bandura, 1973; Davidson et al., 2000; Dollard et al., 1939; Lorenz, 1958) . Neurophysiological theories have typically attributed aggression to reduced thresholds for activating negative affect (e.g., anger, distress, agitation) combined with inappropriate responses to the negative consequences of behaving aggressively (Davidson et al., 2000) . Consistent with this account, significant relationships have been found between aggression and the structure and function of neural systems involved in behavioral control, learning, emotion processing, emotion regulation, and affective style (Dougherty et al., 2004; Grafman et al., 1996; Juarez et al., 2012; Motzkin et al., 2011; Raine et al., 2008; Soderstrom et al., 2000) . This work has particularly emphasized the OFC and ACC (Birbaumer et al., 2005) , as well as the amygdala and hippocampus (Bufkin & Luttrell, 2005; Critchley et al., 2000; Raine et al., 2004) .
Although there is general agreement that the structure and function of prefrontal and limbic regions are associated with aggression, the exact nature of the relationship remains elusive. In particular, it is unclear whether aggression-related differences are found bilaterally or limited to a single hemisphere. For example, increased bilateral OFC activity has been observed amongst populations characterized by aggression (e.g., Juhasz et al., 2001; Goyer et al., 1994; Cocarro et al., 2007) , and individuals who report high levels of trait aggression show elevated bilateral ACC activation (Eisenberger et al., 2007) . Aggression has also been linked to bilateral changes (Tonkonogy, 1991; Woermann et al., 2000) in amygdala volume and reduced bilateral hippocampal volumes in females with borderline personality disorder (Schmahla et al., 2003) and in male adolescents with conduct disorder (Fairchild et al., 2011; Huebner et al., 2008) . On the other hand, a recent meta-analysis found only reduced righthemisphere OFC and ACC volumes in violent, antisocial and psychopathic individuals (Yang 4 & Raine, 2009) , while other studies have shown increased hippocampal activity only in the right hemisphere in these individuals (e.g., Raine, Meloy et al., 1998) .
One potential source of variability in previous studies might be due to their focus on absolute size or activity in each hemisphere, rather than on relative differences between the hemispheres (i.e., asymmetries). Structural asymmetries are a prominent feature of many parts of the brain at the level of both gross anatomy and cellular structure (Toga & Thompson, 2003) , and have been functionally linked to key systems such as language (Foundas et al., 1996) and motor control (Zilles et al., 1996) . Thus, it is plausible to conjecture that a prominent human behavior such as aggression might also be linked to underlying structural asymmetries. Asymmetries are also of theoretical interest because they may be linked to early neurodevelopmental processes, rather than those that occur as the result of later environmental factors that are more likely to act similarly on both hemispheres (Bilder et al., 1999; Raine et al., 2004) , To date, studies that have linked aggression to brain morphology have focussed on clinical samples of individuals who are likely to be aggressive, such as those with anti-social personality disorder, as there is no 'aggressive disorder' per se. Structural asymmetries have been shown in frontal and limbic areas in schizophrenia (Keshavan et al., 2002) , anti-social personality disorder (Chesterman et al., 1994) and psychopathy (Raine et al., 2004 ). In addition, several studies have shown evidence for asymmetrical brain activity in relevant areas such as the frontal lobes (Forbes et al., 2006) , amygdalae and hippocampi (Raine et al., 1997) . Structural asymmetries have not yet been examined in aggressive adolescents.
However, it may be useful and more parsimonious to consider previous findings of volumetric differences in only one hemisphere that have been found in males with conduct disorder (e.g., lesser right but not left insula volumes, Fairchild et al., 2011 ; lesser left but not 5 right amygdala volumes, Sterzer, Stadler, Poutska, Kleinschmidt, 2007) as being due to hemispheric asymmetries.
Although previous research has focussed on samples of clinical groups that are likely to be aggression, aggression also exists in the normal, non-clinical, population. Recently, Walhovd and colleagues (2012) found that brain morphology, including thinner left prefrontal and supramarginal areas, was related to conduct problems (including, but not limited to, aggression) in a normal sample of youth. Although this work is suggestive, it remains unclear whether structural asymmetries in frontal and limbic areas are linked to normal levels of human aggression in the absence of comorbid pathology. This question is a critical focus of the current study.
Our emphasis on understanding normal levels of aggression that occur in the community outside of a clinical context was a key motivator in our choice of an early adolescent sample. Early adolescence is a time when aggression begins to approach adult levels, and yet predates the development of many comorbid problems (e.g., incarceration, substance use, psychiatric conditions) that often accompany aggressive behavior. These problems frequently occur in adult samples conventionally used to study neural correlates of aggression, thus raising questions about whether comorbid symptoms or other life experiences might moderate observed brain-behavior relationships (Yang & Raine, 2009) .
By using an early adolescent sample, we aimed to minimize these ambiguities.
Our choice of an adolescent sample was also motivated by the fact that little is known about how aggression is linked to neuroanatomy in this age group. Adolescence is a particularly critical period in the social, emotional and neural development that shapes adult behavior. Many studies have suggested that there is a rapid increase in the frequency of physical aggression at this age (Karriker-Jaffe et al., 2008; Farrell et al., 2005) . This has been suggested to parallel the onset of puberty and to reflect an increased desire to establish dominance in social groups, which is thought to be the main goal of overtly aggressive behavior such as hitting, kicking, and taunting (e.g., Pepler & Craig, 2005) . More worrisome, the increase in physical aggression in early adolescence is thought to set the stage, in some individuals, for more serious violence in late adolescence (Loeber & Hay 1997; Tolan et al. 2000) , and thus open the door to comorbid problems such as incarceration.
Viewed from this perspective, it is clear that understanding neural correlates of aggression in this early adolescence may provide important clues about the foundations of overt aggression later in life.
A second issue of key importance to us was the impact of sex differences on structural correlates of aggression. Unlike past studies, which have often used exclusively single-sex samples, our participants comprised approximately equal numbers of males and females.
This allowed us to directly compare structural correlates of aggression across sex using identical imaging techniques and behavioral measures. Such comparisons are crucial in light of abundant evidence that aggression differs significantly between the sexes. For example, it is well-documented that males show greater overt displays of aggression, such as hitting, than females across the lifespan (Archer, 2004; Vazsonyi & Keiley, 2007) . In addition, there is evidence for sex differences in the developmental trajectories of aggression (Bjorkqvist et al., 1992) , in anatomical correlates of defiant behavior and irritable temperament (Boes et al., 2008) , and in associations between aggression and other social, emotional and behavioral problems (Crick & Grotpeter, 1995) . Hess and Hagen (2006) found that faced with an attack on their character, adolescent females preferentially retaliated with relational aggression, while males chose both overt and relational aggression (see also Bjorkqvist et al., 1992; Salmivalli, Kaukiainen & Lagerspetz, 2000; Archer, 2004 for evidence that females begin to prefer relational aggression during early adolescence). Finally, neurophysiological evidence suggests there is a relationship between the duration of adolescent conflicts with parents and 7 ACC asymmetry in boys, but not girls (Whittle et al., 2008) . In light of this evidence, the present study investigated whether differences in aggression might be reflected in variations in volume or structural asymmetry across sex.
Methods and Materials

Participants
We performed magnetic resonance imaging ( Children: Epidemiologic Version (Orvaschel, 1995) . Demographic information can be found in Table 1 .
Measurement of Aggression
As part of a larger battery of measures, a parent (80% mothers) completed the overt aggression scale from the Social Behavior Scale (Crick, 1996) , which is a 4-item measure assessing physical aggression (e.g., hitting, kicking). Items are rated on a 5-point scale ranging from 1 = almost never to 5 = almost always. We chose this scale because it provides a brief measure that is free of non-aggressive items often found in other scales, such as overconfidence. It also has a wealth of evidence attesting to its reliability (e.g., Chronbach's alpha of .94 in a normative sample of school children; Crick, 1996) and validity (e.g., correlates with other measures of behavior problems more strongly than mood problems; e.g., Crick, 1996) across a variety of ages, cultures, and clinical and normative samples (e.g., Little, Henrich, Jones & Hawley, 2003; Prinstein, Boergers, & Vernberg, 2001; Tomada & Schneider, 1997) . As in previous studies, we found that participants were, on average, occasionally aggressive, with males (mean, 1.32; SD, 0.52) significantly more aggressive than females (mean, 1.26; SD = 0.30), t (1, 124) = 2.24, p < .03, d = 0.34.
Neighborhood Socioeconomic Status
Postcode data for participants' residences were used to provide an estimate of neighborhood disadvantage using the Socioeconomic Indexes for Areas (SEIFA) scale of Advantage/Disadvantage, a composite of 31 variables pertaining to neighborhood disadvantage including income, unemployment, occupation and education. The Australian Bureau of Statistics reports that the SEIFA index has good validity based on analyses using the Australian Census (Trewin, 2001) . 
Image Acquisition
Image Pre-processing
Images were transferred to a SGI / Linux workstation for morphometric analysis. Image pre-processing was carried out using tools from the FMRIB software library (http://www.fmrib.ox.ac.uk/fsl/). Each 3-dimensional scan was stripped of all non-brain tissue (Smith, 2002) and aligned to the MNI 152 average template (six-parameter rigid body transform with trilinear interpolation) using FLIRT (Jenkinson & Smith, 2001 ). This registration served to align each image axially along the anterior commissure-posterior commissure (AC-PC) plane and sagittally along the interhemispheric fissure without any deformation. Images were resampled to 1mm 3 .
Morphometric Analysis
Regions of Interest (ROIs) were defined and quantified based on previous techniques developed and published in the Melbourne Neuropsychiatry Centre (see below). All ROIs were traced using the software package ANALYZE (Mayo Clinic, Rochester, USA; http://www.mayo.edu/bir/). Brain tissue was segmented into grey matter, white matter, and cerebrospinal fluid using an automated algorithm, as implemented in FAST (Zhang et al., 2001 ). An estimate of Whole Brain Volume (WBV) was obtained by summing grey and white matter pixel counts (i.e., WBV included cerebral grey and white matter, the cerebellum, and brainstem, but not the ventricles, cisterns, or cerebrospinal fluid). ACC and OFC estimates were based on grey matter pixel counts contained within the defined ROIs.
Amygdala and hippocampus estimates were based on total voxels within the defined ROI.
Amygdala and Hippocampus
The guidelines for tracing the amygdala and hippocampus were adapted from those described by colleagues (1999, 2006) . Differences in method, which were adopted in efforts to maximize reliability for the current dataset, relate to marking the anterior boundary of the amygdala and the boundary between the amygdala and hippocampus. The anterior boundary of the amygdala was identified as the section posterior to the most posterior of either the point where the optic chiasm joins, or the point where the lateral sulcus closes to form the endorhinal sulcus. Watson et al.'s (1992) protocol was used to separate the amygdala from the hippocampus (see Figure 1) .
Anterior Cingulate Cortex (ACC)
The boundaries of the ACC have been described in detail by Fornito et al. (2006) . This protocol demarcates limbic and paralimbic portions of the ACC (ACCL and ACCP, respectively) regions by taking into account individual differences in morphology of the cingulate (CS), paracingulate (PCS) and superior rostral sulci (SRS). Briefly, the anterior ACCL contained all grey matter in the gyrus bound by the callosal sulcus and the CS. The ACCP contained all grey matter in the gyrus bound by the CS and PCS, except in cases where the PCS was absent, for which the ACCP contained only the grey matter on the upper bank of the CS. A PCS was considered present if there was a clearly identifiable sulcus running dorsal and parallel to the CS for ≥ 3 consecutive sagittal slices that was at least 20 mm in length.
Orbitofrontal Cortex (OFC)
The boundaries of the OFC were based on a previously published method (Riffkin et al., 2005) . A line through the AC-PC was used to define the superior boundary of the OFC.
The posterior boundary was marked by a coronal plane passing through the most posterior aspect of the olfactory sulcus in each hemisphere. All images were manually edited, using the pencil and edit tools in the ANALYZE software, to eliminate subcortical tissue and artifacts related to the eye sockets and nasal bones (See Figure 2) .
Data Analysis
We computed brain volumes for the limbic ACC (ACCL), paralimbic ACC (ACCP), OFC, hippocampus, and amygdala (corrected for whole brain volume) and then for each region created 1) total volumes by adding left and right hemisphere volumes, and 2) asymmetry indexes by subtracting right hemisphere from left hemisphere volumes. Total volumes and asymmetry indexes were used to predict adolescent aggression using hierarchical linear regression models. Demographic information (age and neighbourhood socioeconomic status) and sex were entered in the first block of the regression. The total volume or asymmetry index was entered in the second block and the interaction between sex and total volume or sex and asymmetry index was computed and entered in the third block.
For significant main or interactive effects, follow-up correlations between brain region volume and aggression were performed separately by hemisphere (and/or sex) to determine the basis of the sex difference or hemispheric imbalance. Table 2 , asymmetries in all frontal regions (ACCL, ACCP, OFC) predicted adolescent aggression, whereas total volumes did not. Reduced (left -right) OFC asymmetry predicted aggression for both sexes, and for this region aggression was associated with greater right OFC volume, r = .16, p < .05 (and no association with left OFC volume, p > .19). However, in the ACCL and ACCP, follow-up tests showed that asymmetries significantly predicted aggression only for male adolescents. For the ACCL, aggression was linked to increased (left -right) asymmetry, which was driven by an association between aggression and greater left volumes (r = .27, p < .03); for the ACCP, aggression was linked to reduced (left -right) asymmetry, which was driven by associations between aggression and greater right (r = .27, p < .03) and smaller left (r = -.24, p < .05) volumes. In both cases, these relationships were absent in females (all ps > .64).
Results
As shown in
As shown in Table 3 , neither hippocampal nor amygdala asymmetries significantly predicted adolescent aggressive behavior. However, total hippocampal volume predicted adolescent aggression. There was a significant hippocampus x sex interaction, and follow up tests showed that the link between total hippocampal volume and aggression was significant for females (r = .40, p < .002) but not males (p > .54). Further correlational tests for females indicated that both the left (r = .46, p <.001) and right (r = .37, p < .004) hippocampal volume significantly predicted aggression. Notably, amygdala volume did not predict aggression in either sex.
Discussion
The present findings indicate that aggression in a non-clinical sample is strongly linked to structural asymmetries in the OFC and ACC that previously have been shown to play a role in impulse control, emotional regulation, and activation of negative affect (Critchley et al., 2000) . Thus, as in multiple domains where structural asymmetries are associated with lateralization of neural function (Powell et al., 2006) , it would seem that functional and neurochemical asymmetries thought to play a role in aggressive behavior have structural correlates. These new findings further buttress arguments for the critical role of frontal areas in the regulation of normal human aggressive impulses (Critchley et al., 2000) , and refute suggestions that comorbid symptoms and life experiences are the chief determinants of frontal and limbic differences observed between aggressive patient populations and normal matched controls (Yang & Raine, 2009 ).
Our results fit well with an emergent pattern uniquely linking ACC asymmetries with male aggression and disorders characterized by aggression. For example, asymmetries like those shown here have also been found in males with schizophrenia (Yucel et al., 2001, strong relationship between the duration of adolescent conflicts with parents and ACC asymmetry uniquely in boys (Whittle et al., 2008) . On the other hand, the implication of the link between OFC asymmetries in boys and aggression is less clear. For example, the increased size of the right OFC relative to the left is consistent with findings from patients with a history of borderline personality disorder, but opposite to that reported in teenagers with first-presentation of the disorder (Chanen et al., 2008) . This is somewhat surprising given that one might expect first-presentation sufferers to be more similar to our own sample of adolescents without a psychiatric condition than long-term sufferers. It would seem, then, that further work is thus needed to understand how OFC asymmetries are reflected in aggressive behavior.
Unlike frontal areas, asymmetries in the hippocampus and amygdala were unrelated to aggression. Instead, only increased hippocampal volumes predicted aggression, and this relationship was obtained only in females. Interestingly, this finding is the opposite of that shown in previous clinical literature, which linked borderline personality disorder with reduced hippocampal volumes in female patients (Schmahla et al., 2003) . It also fails to replicate previous evidence for the presence of hippocampal asymmetries in jailed male psychopaths (Raine et al., 2004) . Tentatively, we suggest that differences between our results and earlier work may reflect our use of an early adolescent non-clinical population, and that previous evidence for hippocampal asymmetries in criminal psychopaths reflected a link with comorbid symptoms rather than aggression per se.
At first glance, our failure to find a link between amygdala volumes and aggression also seems surprising. The amygdala has conventionally been linked to individual differences in processing of negative emotions and emotional dysregulation (Minzenberg et al., 2007) that can lead to aggressive behavior. In addition, past research has demonstrated reduced amygdala volume in patients with borderline personality disorder relative to normal controls (Driessen et al., 2000; Nunes et al., 2009; Schmahla et al., 2003; van Elst et al., 2003) . On the other hand, we have shown elsewhere that amygdala volumes were larger in normal adolescents who showed increased durations of aggressive episodes during conflicting interactions with their mothers (Whittle et al., 2008) . In sum, then, the relationship between volumetric changes in the amygdala and aggression remains unclear. It may be that such a link is found only in patient populations such as those with borderline personality disorder, and thus is related to the non-aggressive behaviors that are specific to such clinical populations. Such differences would not bde observable in our communitybased sample of young adolescents. Alternatively, it could be that structural changes are related to other types of aggression (e.g., relational), but not to overt aggression. This is clearly an issue that requires further investigation.
A key issue that remains to be addressed concerns how sex differences observed here are linked to aggressive behavior. For males, our findings suggest that increased overt aggression is linked to a reversal of the normal pattern of ACC asymmetries characterized by leftward asymmetry of the ACCP and rightward asymmetry of the ACCL (Yucel et al., 2001 ). Generally speaking, greater lateralization of brain function seems to confer advantages to tasks suited to more localized (i.e., intra-hemispheric) brain function (Toga & Thompson, 2003) via decreased interhemispheric information exchange and/or from interhemispheric inhibition (Luders et al., 2003) . Thus, the observed reversal in asymmetries may reflect a disruption to the patterns of inter-or intra-hemispheric neural function that are normally recruited to promote non-aggressive behavior. Another possibility is suggested by studies that have linked reduced leftward asymmetry in the ACCP and poorer cognitive performance (Fornito et al., 2008) . This finding opens up the possibility that abnormal development of the ACC in males may bias them towards increased overt aggression in place of more sophisticated social strategies that would likely depend heavily on ACC functioning (Carter et al., 2000; Sanders et al., 2002) .
As noted earlier, the relationship between increased hippocampal volume and aggression in our female sample was the opposite of that seen in earlier studies with both male psychopaths (Laakso et al., 2001 ) and females with borderline personality disorder (Nunes et al., 2009 ). Nevertheless, in formulating a hypothesis to explain the impact of increased hippocampal volume on female aggression, it is useful to consider the putative roles of the hippocampus in aggression suggested in these earlier reports. In particular, Raine and colleagues (2004) have linked changes in hippocampal structure to disruption of a frontal-hippocampal circuit that is critical for emotional regulation, fear learning, and an appreciation of cues that may lead to avoidance of punishment. If we assume that structural changes can also produce enhanced functioning in some circumstances, then it is possible that an enlarged hippocampus might be indicative of increased efficiency in this circuit. In turn, this might imply that females with an enlarged hippocampus use aggression more often because they are better able to avoid the punishments that are usually administered in response to this behavior.
Another question to be considered is the potential origins of individual differences in brain structure and asymmetry. Distally, the structural changes seen here may reflect genetically-linked neurodevelopmental changes. Consistent with this proposition, recent research suggests that lateralization and aggression are intimately linked across diverse vertebrate species (Rogers, 2002) . Moreover, several genes have been directly implicated in aggression associated with antisocial personality disorder (Meyer-Lindenberg et al., 2006; Raine, 2008) . However, the genetic origins of the asymmetries obtained here cannot be definitively demonstrated because they are based on differences in regional volumes, which may be influenced by a variety of environmental factors (Weinberger & McClure, 2002) . In light of this caveat, it may be useful for future work to search for morphological differences between the left and right ACC that can be confidently attributed to pre-or peri-natal neurodevelopmental influences (Armstrong et al., 1995) .
While the present work has provided a window into the structural correlates of overt aggression in the brains of young adolescents, the results must be considered in light of some limitations. One such limitation is the correlational nature of our results, which renders us unable to determine causal relationships between structure and aggression. Another limitation of our work is that we focused exclusively on overt aggression. Thus, we cannot speak to the issue of how structural characteristics observed here might be related to other forms of aggression, such as relational aggression, which also increase in frequency in this age group (Karriker-Jaffe et al., 2008) . This is clearly an important area for future investigation. It might also be argued that our choice of young adolescent participants limits our ability to generalize our findings to other age groups, particularly because of the significant neuroanatomical changes that occur in early adolescence (Giedd et al., 1999; Lenroot & Giedd, 2006) . While this may be true, we think that the increasing prevalence of physical aggression in this age group, along with the evidence that this forms the behavioural foundation for more serious violence in later years, makes understanding the anatomical underpinnings of young adolescent aggression particularly crucial to delineating the development aggression into adulthood. Finally, it must be noted that this study represents a snapshot of adolescent brain structure. Longitudinal data is of great importance, and we are currently following up this sample in order to begin to examine developmental associations.
In conclusion, we have shown that structural asymmetries in the ACC and OFC can be linked to overt aggressive behavior in young adolescents, and that these associations vary with sex. This opens up many new research questions aimed at discovering the functional significance of these structural differences for both normal and abnormal levels of human aggression. Such work will likely be closely linked with establishing the source of asymmetries at genetic, environmental and cellular levels, and the implications of these asymmetries for diverse displays of human aggression. This future research will be particularly important in order to develop a comprehensive view of the origins of aggression, incorporating its origins from a complex network of cognitive, behavioral, social, ethological, and neurophysiological factors. The present findings here provide one piece of evidence about the biological origins of this important human behaviour. It remains to be shown how structural brain asymmetries are intertwined with other factors in yielding aggression. 
